Pluripotential stem cells (Thy" Lin-Sca+; referred to as Sca+) and primitive myeloerythroid progenitor cells (Thyl Linf Sca-; referred to as Sca-), defined by their in vivo repopulating properties, have been purified from mouse bone marrow. In this study, the growth factor requirements of these two subsets were compared in colony-forming assays.
The hematopoietic system consists of an intricate network of progenitor cells that can be arranged in a hierarchy of developmental capacities (for review, see ref. 1 ). The earliest precursors, termed the pluripotent hematopoietic stem cells (PHSCs), have been characterized by their unique capacity for self-renewal and their ability to generate all the blood cell lineages. Through an unknown series of steps, these PHSCs first give rise to a complex mixture of restricted progenitors, which in turn produce the more mature cell types. The growth factors that regulate these early events in PHSC proliferation and differentiation are of great interest. However, analysis has been complicated by the heterogeneous nature and low frequency of PHSCs and progenitor cells in bone marrow.
We have previously described a population of Thy-1lo Lineage-Sca' (hereafter referred to as Sca') cells that contain most, if not all, of the PHSC activity found in normal bone marrow (refs. 2, 3, 5 , and 6; S. Heimfeld, G. J. Spangrude, L. G. Smith, and I.W., unpublished data). Sca+ cells give rise almost exclusively to day-12 spleen colonies; they generate long-term repopulation of both lymphoid and myeloid lineages; small numbers of Sca+ cells can protect mice from lethal irradiation, and they can further repopulate secondary animals, indicating self-renewal capacity (refs. 2, 3, and 5; Heiifeld et al., unpublished data). In contrast, a different bone marrow fraction, Thy-110 Lineage-Sca-(hereafter referred to as Sca-), gives rise primarily to day-8 spleen colonies. Sca-cells cannot save mice from lethal irradiation; they are not capable of forming T-or B-lymphoid cells; they generate only a short-term repopulation of the myeloerythroid lineages, and they cannot further reconstitute a secondary recipient (refs. 3, 5 , and 6; Heimfeld et al., unpublished data). Thus, Sca-cells, which represent 0.1-0.15% of bone marrow cells, have the characteristics of committed myeloerythroid progenitors, whereas Sca' cells, which represent 0.02-0.05% of bone marrow cells, contain the PHSCs.
In this study the growth factor requirements of these two cell populations have been compared. Significant differences were found in their rate of colony formation and the need for several factors acting together to activate the more primitive stem cells. These results support a hierarchical model of growth factor action in regulating hematopoietic development and suggest that one means by which stem cells can enter the cell cycle, proliferate, and differentiate is via the concerted action of multiple hematopoietic growth factors. . As a quality control on the isolated populations, colony-forming unit-spleen formation was measured in selected experiments. The results were similar to published findings (data not shown), indicating that the appropriate stem cell and progenitor cell activities were being obtained. Methylcellulose cultures were used to assess the colony-forming capacities of these sorted cells in the presence of purified recombinant growth factors.
MATERIALS AND METHODS
Response of Sca+ and Sca-Cells to Individual Cytokines. Scan progenitor cells showed a substantial response to interleukin (IL) 3 alone; nearly 1 in 10 cells gave rise to a colony after 1 week (Table 1) . A small number of colonies were also obtained when Sca-cells were stimulated with IL-6, granulocyte/macrophage colony-stimulating factor (GM-CSF), or macrophage colony-stimulating factor (M-CSF), but no growth was seen with IL-1, granulocyte colony-stimulating factor (G-CSF), or erythropoietin. In contrast, only 1 in 63
Sca' cells grew in IL-3 alone, and Sca' cells were unresponsive to any of the other factors tested (Table 1) . If factor addition was delayed for 1 or 2 days, no colony formation was observed (data not shown). This implies that the purified cells are factor dependent not only for growth but also for viability. The results indicate that IL-3 is the most active cytokine in promoting the growth of a committed myeloid progenitor. However, IL-3 is insufficient by itself to support the proliferation of most PHSCs.
Response of Sca+ and Sca-Cells to IL-1, IL-3, and IL-6 Combinations. For Sca-cells, supplementing IL-3 with either IL-1 or IL-6 increased the colony response nearly 2-fold over that seen with IL-3 alone (Fig. 1A) . Combining all three factors did not result in additional colonies. Furthermore, given. These values are at least 4 times higher than that required to stimulate maximum colony formation in whole bone marrow cultures.
WValues are given as an average, determined from two to five independent experiments, of the total number of colonies found on day 7 per 1000 plated cells. (7, 8) . Therefore it was of interest to determine the response of these purified cells to stromal cell factors. In preliminary experiments, combinations of any two factors were found to be poor stimulants. However, a mixture of GM-CSF, G-CSF, and M-CSF (collectively designated as CSFs) induced one in eight Sca-cells to form a colony ( Fig. 2A) . Addition of IL-6 or IL-1 plus IL-6 to the CSFs further enhanced total colony numbers. As before, Sca-cells responded quickly, showing peak colony numbers at day 7.
The CSF mixture also supported some colony formation from the Sca+ cells, and this was enhanced dramatically by the addition of IL-6 (Fig. 2B) Another criterion used to characterize the response of the Sca+ and Sca-cells was colony size. PHSCs have been equated with HPP-CFCs. HPP-CFCs form colonies that measure >0.5 mm in diameter by day 14 of culture when stimulated with two or more factors (9-11). Both Sca' and Scab cell populations generated a significant number of large colonies when grown in IL-1 plus IL-3 plus IL-6, and the numbers were increased dramatically when CSFs were included in the medium (Fig. 4) . These results indicate that HPP-CFCs are found in both the Sca+ and Sca-populations. Thus, large colony size is not a property that can absolutely distinguish PHSCs from the more restricted progenitor cells. (Table 3 ). This indicates that these growth factors act directly on the stem cell population. In addition, the results suggest that some 40% of the total IL-1 plus IL-3 plus IL-6 clones and 20%o of the IL-1 plus IL-3 plus IL-6 plus CSF clones initiated proliferation after day 7 in culture (Table 3) . Thus, a fraction of the Sca+ cells can remain quiescent in these culture conditions for at least 1 week.
Response of Sca' Subsets to Multiple Cytokines. It has been suggested that rhodamine 123 staining can be used to distinguish subsets of primitive stem cell populations (12) (13) (14) . Spangrude and Johnson (5) have shown that Sca+ cells can be split into the 25% lowest and 25% highest rhodamine 123 staining fractions, and these differ in their capacities to repopulate irradiated animals. Individual Sca+ cells from these two fractions were also tested for growth factor responses in 96-well plates (Table 4) . A slight difference in the initiation of growth was found, which suggests that the quiescent population described above resides predominantly in the low rhodamine 123 subset. Our findings agree with those of Spangrude and Johnson (5); these data indicate an equal contribution to the final response frequency, which implies that both the low and high rhodamine 123 stem cells can respond to these combinations of growth factors.
DISCUSSION
The hematopoietic progenitor cell compartment is complex, consisting of cell types that vary in self-renewal, proliferative, and differentiative capacities. In a similar fashion, growth in methylcellulose is also complex, with colonies varying in size, distribution of mature cell types, factor requirements, and time of onset of colony growth. Several investigators have attempted to correlate these in vitro growth characteristics with the developmental properties of cells in vivo. Thus, HPP-CFCs, mixed-lineage colonies, colonies dependent on growth factor combinations, and blast cell colonies have all been described as being derived from PHSCs (9) (10) (11) (15) (16) (17) (18) (19) (20) (21) (22) . However, questions as to whether such colony-forming attributes are truly unique to PHSCs, and conversely whether all PHSCs will generate only those types of colonies, have remained largely unanswered. The ability to isolate stem cells (Sca') and a distinct class of restricted progenitor cells (Sca-) has allowed us to examine these issues.
HPP-CFCs, cells that form mixed-lineage colonies, and cells that require multiple factors for growth are found in both the Sca' stem cell and Sca-progenitor cell subsets (Figs. 1-4 and Table 2 ). This demonstrates directly that none of these colony-forming properties are uniquely restricted to PHSCs, and therefore such in vitro assays cannot be used as an accurate measure of the number of PHSCs in a sample population. A similar lack of correlation between PHSCs and HPP-CFCs has been reported by Bertoncello et al. (23) . In fact, since Sca-cells are 3-to 5-fold more abundant than Sca' cells in normal bone marrow, Sca-cells represent the dominant source of HPP-CFCs. The relationship between Sca' cells and the progenitors that give rise to blast cell colonies described by Ogawa and co-workers (15, 16, 19, 24) is unclear. These authors have suggested that blast cells arise from precursors that (i) survive in Go without exogenous growth factor; (ii) grow with IL-3 alone, although division may be delayed for several weeks; and (iii) shorten Go to give a more rapid response to IL-3 plus IL-1 or IL-3 plus IL-6. In contrast, we found no survival of either Sca' or Sca-cells in the absence of factors. Furthermore, a strong IL-3 response was more indicative of the Sca-subset, whereas delayed onset of proliferation was a property limited to the Sca' stem cells. In part, these discrepancies may reflect differences in the assay conditions. We have used cells isolated from normal animals plated at very low densities. For the blast cell assay, cells are usually obtained from 5-fluorouracil-treated animals and seeded at high densities, which allow for cellular interactions that could promote survival in the absence of exogenous factor and perhaps retain cells in a quiescent state. Additionally, exposure to 5-fluorouracil may affect the surviving cells, resulting in an alteration of their growth factor requirements.
It has been proposed that highly primitive stem cells exhibit delayed onset of growth in culture (9-11, 15, 16, 19 (Table 2 ). The generation of single-and mixedlineage colonies is consistent with a stochastic mechanism regulating lineage restriction, which proposes that individual PHSCs commit directly to either unipotent or multipotent differentiation (24, 25) . However, such restricted differentiation has generally not been observed for Sca' cells in vivo. When single Sca' cells were injected into irradiated recipients, the predominant finding was multilineage reconstitution (26) . This suggests that PHSC commitment results in a multipotent progenitor(s), and it is the microenvironment or culture conditions that then regulate these precursors to determine the types of mature cells that form.
For most PHSCs, IL-3 by itself is not a sufficient growth stimulus (Table 1) . Our results are consistent with the findings of others that the more primitive cells require combinations of factors to stimulate growth (9) (10) (11) (12) (15) (16) (17) (18) (19) (20) (21) (22) (27) and are believed to mediate the same function in vivo. Our results indicate that stromal cell factors such as IL-1, IL-6, and CSFs (10) can serve to promote the growth of Sca' and Sca-cells (Fig. 2) . However, the lack of mixed colonies under these conditions ( Table 2 (Figs. 1-3 ). There has been considerable speculation as to whether these synergistic effects are direct or are mediated by accessory cells (11, (19) (20) (21) 
